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Abstract 
Jockeys are exposed to high risk of head injuries while riding. Therefore, helmets are vital for protection. Carbon fibre is widely 
used in sports technology due to its mechanical properties. Applying carbon fibre in jockey helmet shells could decrease the risk 
of fatal head injuries. The aim of the research was to investigate the safety performance of jockey helmet shells made out of 
carbon fibre. Four different shell types were produced with the same prepreg material. They differ in the number of layers (four 
or five) and patterns (two and four). Peak deceleration was used to compare the different type of shells through 2-wire drop 
tests. Gaussian and Mean curvatures of the impact sites were also measured to obtain a better understanding of the impact 
behaviour. The two-patterned shell with the five layers (2P5) showed the best overall performance during the standard impact 
test. 
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1. Introduction 
Helmets are mandatory for professional, amateur and beginner jockeys, where the possibility of their falling from a horse is 
very high. They are also at a high risk of suffering collateral head injury [1-3]. Helmets are vital equipment for jockeys and their 
usage substantially decreases the risk of serious head injury or death [3-4]. Nevertheless, despite the high occurrence and the risk 
of head injuries in horse riders, limited research has been done on equestrian helmets compared with other types of helmets. 
There are some studies focused on Finite Element Modelling of the liner material [5-7], but to our knowledge none on the jockey 
helmet shells. 
Carbon fibres and carbon fibre-reinforced polymers have been used in sports equipment due to their combination of light 
weight and mechanical strength. The usage of carbon fibres in helmet applications is still limited because of a high variation in 
quality during the manufacturing process, especially the dome-shaped shells for sports helmets, where all carbon layers have to 
be applied manually with due consideration of the fibre orientation, especially in jockey helmets. 
The aim of the research was to manufacture a different kind of carbon fibre shell types, with different combinations of pattern 
and ply manually, and compare their safety performance through the standard impact test for equestrian helmets [8]. The peak of 
the linear deceleration of the standard test was used as a measure of the material energy absorption. The helmet deceleration 
results were normalized for comparison. 
2. Methods 
The project was divided into three parts. The first part comprised the 3D-Digitalization and creation of the mould. In the 
second part, we undertook the manufacturing of the composite shells.  In the third part, the impact testing and analysis of results 
was undertaken. 
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2.1. 3D-Digitalization – Molding 
An aluminium mould, based on the medium size (size J) magnesium K1A half head-form (MH) (Cadex Inc., Quebec, Canada) 
(Figure 1), was created for the building of the dome-shape helmet shell. The Magnesium head-form was digitalized with a 3-D 
Scanner and processed with FlexScan 3D-Software (LMI Technologies Inc., British Columbia, Canada). 
 
 
Figure 1: Testing Magnesium head form K1A (J) (Left) (Cadex Inc., Quebec, Canada), Aluminium mould (Right) 
Geomagic Studio12 Software (3D Systems Inc., Rock Hill, SC, USA) was used to clean and further process the 3D scanned 
head form model. The model was modified with CATIA V5 (Dassault Systèmes, Vélizy-Villacoublay, France) to produce the 
final aluminium mould. Aluminium was chosen because of the good thermal expansion, the ease in obtaining a smooth surface in 
manufacturing, and its good machinability. Good thermal expansion was essential for releasing the shell after the curing process. 
Finally, the mould was manufactured with Computerised Numerical Control (CNC) machine. 
2.2. Manufacturing of composite shell 
The material used for manufacturing all helmet shells was HexPly 914 (Hexcel Corp., Stamford, CT, USA). This is a highly 
modified epoxy matrix suitable for a wide range of high quality components applications such as aircraft structures. 
Four shells with different combinations of pattern and ply were manufactured for the study. The pattern referred to the number 
of panels, either two or four, while the number of plies was either four or five. The details for the lay-up and the weight after the 
trimming is provided in Table 1. Each variation was manufactured three times, which resulted in a total number of 12 shells. 
Table 1: Lay-up and weight details 
Nomenclature Pattern Plies Weight [g] 
2P4 2 4   132.97 ±0.46 
2P5 2 5 165.90 ±0.98 
4P4 4 4 129.80 ±0.61 
4P5 4 5   161.80 ±1.08 
 
Templates were prepared for the two- and four-pattern shells. The pads for the pattern were pre-cut and grouped into kits for 
future lay-up and cure to expedite the process. All shells were laid-up by hand and cured by autoclave for two hours at 180°C 
under 0.7 MPa pressure. To avoid inhomogeneous thickness of the shell, the pads within each ply were butt spliced, except for 
the last ply. The overlapping of the last ply was crucial in order to connect the other plies. The cross-section for the 2P4 and 2P5 
lay-up can be seen in Figure 2. Each ply was laid alternatively at 30mm left and 30mm right from the mould centre. The 
overlapping of the pads for the last ply was set at 15mm left and 5mm right from the centre of the mould. Figure 3 shows the 
detailed view for the butt splice, the alternating lay-up, and the overlapping of the last ply. 
 
Figure 2: The first pad of the first ply 30mm left out of centre (A), the completed first ply (B), the completed second ply 30 mm right out of centre (C) and the 
overlapping of the last ply (D) 
A B C D 
overlapping 
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Figure 3: Cross section of the mold with the 2P5 shell. The butt splice in Detail A and B is alternating in position for each layer. The last layer is overlapping 
(Detail C). 
The 4P4 and 4P5 shells were laid differently from the 2P4 and 2P5 shells. To avoid the butt splice laying up on top of one 
another, the plies were laid up at a certain angle to the previous ply. These angles were a result of the number of plies and to 
obtain a consistent distribution (4P4  22.5°; 4P5  18°) of the plies. The order for the lay-up is shown in Figure 4. A round-
shaped pad was applied at the crown to connect the pads together (Figure 5). 
 
 
Figure 4: Lay-up and shift between the plies of 4P4 (A) and 4P5 (B). 
A template was used to mark the trimming line after the curing to ensure that all shells had the same length to the bottom. The 
height of this line was 45mm from the bottom of the mould. Furthermore, holes were drilled on both long sides for the fixation 
system needed for the drop testing (Figure 5). 
 
Figure 5: Final ply for the 4P4 and 4P5 Shell. Overlapping and the round shaped pad at the crown (Left), Cured shell with trimming template (45mm) (Right) 
2.3. Two-wire drop test 
A drop impact test was conducted to compare the effectiveness of the composite (carbon fibre) shell stiffness. Any crack 
development during the test was also investigated. The shells were manufactured slightly larger than the Magnesium head-form 
(MH), so a thin layer (4 mm) of foam (Poron XRD, Rogers Corporation, CT, USA) could be fitted in to avoid any direct contact 
of shell and MH. Each shell was tested four times at each of the following impact sites: side, front, rear, and crown. 
A B 
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Figure 6: (a) Experimental set -up for standard 2-wire drop test and (b) accelerometer mounted in the centre of gravity of the magnesium head form. 
A guided free-fall rig, which had been used in previous studies [9] in accordance with the requirements of AS/NZS2512.3.1: 
2007 [10], was used for the 2-wire drop test (Figure 6a). The helmet shell was fitted onto a medium size magnesium head-form, 
and then the whole assembly was dropped onto a flat steel anvil. The base plate was rigidly bolted to the concrete floor. Each 
helmet was impacted at four different sites, i.e. side, front, crown, and rear. 
The drop height was set to 1.5m according to the standard test for horse-riding helmets [8], and the impact velocities were 
recorded using a VS/VE18-3P3240 (Sick AG, Waldkirch, Germany) light gate. A Kistler (Kistler Group, Winterthur, 
Switzerland) accelerometer (ACC) (PiezoStar Accelerometer, Type 8715A) with a range of ±5000g was mounted in the cavity of 
the head-form at its centre of gravity to measure the linear deceleration in the vertical direction (Figure 6b). A Kistler power 
supply/coupler (Type 5134B) was used to provide excitation power and signal conditioning for the accelerometers. The sampling 
rate for collecting the ACC data was set to 10 kHz. Data were recorded using a Measurement-Computing USB-1608HS DAQ 
data logger (Measurement Computing Corporation; Norton, MA, USA). The analogue deceleration data of the ACC were 
recorded and converted to digital data with DASYLab 11.0 (Measurement Computing Corporation, Norton, MA, USA) 
application. The details of the set-up for data collection has been previously published elsewhere [9]. Each impact scenario was 
recorded with a high-speed camera sampled at 1000 frames per second. These captured sequences enabled the analysis of the 
impacted shells to be performed. After each impact, the shells were removed from the head MH, inspected for damages and 
documented. 
2.4. Statistical analysis 
Differences between the samples were assessed using a two-tailed t-test with pair samples (p=0.05). The t-test method allows 
a direct comparison between the helmets and the impact points for the test condition. The confidence level was 95% as the 
criterion for the significance in the statistical tests. 
3. Results 
The average helmet deceleration results and their normalized values to the 2P4 are shown and compared in Figure 7. The 
lowest value of the four variations is shown by 2P5 (Table 3). There is no significant difference in the maximum deceleration 
between the variations except between 2P4 and 2P5 (Table 2a). When comparing the global impact sites (GIS), e.g. all Side 
impacts with all Front impacts in all variations, the results showed a highly significant difference between the sites, except for the 
comparison of Side and Rear (Table 2b). 
To understand the impact behaviour of the shells, the curvature of the impact sites was measured using the Gaussian curvature 
and the Mean curvature method in CATIA V5. There is no significant difference between the two curvature methods (Table 4).  
A comparison between the four ply and five ply shells showed no significant difference. The comparison between the two and 
four patterned shells also showed no statistically significant difference results (Table 2c). 
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Table 2: t-test values within the different shell variations (a); comparison of the global impact sites (GIS) (b); overall comparison between the 4 and 5 layer shells 
and the overall comparison between the 2 and 4 patterned shells (c) 
a) Model t-test value b) Site t-test value c)   t-test value 
2P4 - 2P5 0.01396 Side - Front 3.771E-09 Ply 4 - 5 0.07762 
4P4 - 4P5 0.42197 Side - Rear 0.17549 Pattern 2 - 4 0.86664 
2P4 - 4P4 0.79833 Side - Crown 1.600E-07 
2P5 - 4P5 0.70001 Front - Rear 3.612E-04 
2P4 - 4P5 0.35498 Front - Crown 1.259E-02 
  2P5 - 4P4 0.13461   Rear - Crown 2.299E-04       
 
 
 
Figure 7: (A) Average deceleration shell performance, (b) Overall deceleration of each shell with all impact sites normalized to 2P4 
Table 3: Values of the overall deceleration normalized to 2P4 
Model Normalized value 
2P4 1 
2P5 0.96435 
4P4 0.99627 
4P5 0.99323 
Table 4: Measured Gaussian and Mean curvature (CUR) for the four impact sites of the shells 
Impact site  Gaussian Curvature   Mean Curvature 
CUR [mm-1] Radius [mm]   CUR [mm-1] Radius [mm] 
Side 0.00830 120.55   0.00867 115.34 
Front 0.01268 78.88 0.01327 75.36 
Rear 0.00858 116.55 0.00872 114.68 
Crown 0.00951 105.12   0.00973 102.77 
 
4. Discussion 
The aim of the research was to manufacture carbon fibre jockey helmet shells manually and perform a standard impact test, in 
which the peak of the linear deceleration was used to compare each type of shell with the others. Only the shell of helmets made 
of carbon fibre was tested. Therefore, just a small layer of foam was used between the shell and the testing head-form to avoid 
direct contact between those testing components. The deceleration values were normalized to one model (Table 3) to compare 
the different shell types with each other. The results (Table 2a) showed no significant difference, except between 2P4 and 2P5 
due to their lay-up method. The difference lay in the number of layers, which suggests that more ply layers would increase the 
capacity of helmet shell in energy absorption. Higher energy absorption correlates with a lower deceleration at the impact. Only 
the two-patterned shells showed improvement in energy absorption by increasing the number of layers. Therefore, we found that 
the 2P5 performed the best. (Note: in order to avoid direct shell to head form contact, only a thin layer (4mm) of PoronXRD 
foam was inserted as cushioning). Unfortunately, due to concentrated point load and the thin foam layer between the shell and 
the MH, all the impact tests ‘bottom-out’ and this resulted in very high deceleration. 
Each single pad of the two patterned variations, in comparison to the four patterned variation, had to be stretched and 
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deformed to bring the prepreg in full contact to the mould surface. All pads were laid-up by hand carefully, but deviations could 
occur. These deviations for the two patterned shells were higher than for the four patterned shells. Therefore, less stretching of 
the pads was necessary in these shells and variation in the orientation of the carbon fibres was not as marked. Furthermore, no 
significant difference was found in the number of plies (all four vs. all five) as well as the number of patterns (all two vs. all four) 
in a global perspective (Table 2c). 
To obtain more detailed results, the different GIS of all models were compared. Table 2b shows the comparison between those 
GIS. The results show a highly significant difference between all impact sites, except the comparison between the Side and Rear. 
The reason for this exception can be found in the comparison of the Gaussian curvature of these two impact sites The Side and 
Rear points have almost the same radius of curvature in comparison with the Front and Crown (Table 2). Due to the similar 
radius, the energy absorption behaviour is almost the same as well. 
Mills and Gilchrist [11-13] conducted several studies on the deformation behaviour of motorcycle and bicycle helmets and 
their shells. One outcome of their studies was that a lower curvature reflects a higher deformation of the material and this higher 
deformation results in higher energy absorption. Hence, it is possible that smaller or sharper curvature at the Front and Crown 
sites of the carbon fibre shell to record higher deceleration. Based on these results, a shell design with wider curvature would 
provide better protection.  
Future research should include testing with different variations of ply layers, i.e. three and six layers, and other prepreg carbon 
fibre materials. An energy-absorbing liner was essential to increase the protective performance of the helmet and future testing 
should consider different densities in liner material rather than just a thin layer of foam as used in this study, as this can lead to 
partial damage of the testing head-form.  
5. Conclusions 
Four different combinations of helmet shells, with two or four patterns and four or five plies, were manufactured manually in 
order to investigate their impact performance. The manual processing was easier for the four patterned shells. The 2-wire drop 
test results showed no significant difference between four and five layers except between 2P4 and 2P5. Also, the comparison of 
the patterns shows no significant difference. However, the performance of the shells’ impact sites with smaller curvatures 
showed higher energy absorption; hence, it is possible to improve the helmet shell design with a larger curvature to provide 
better distribution of impact energy. 
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